Abstract We present a novel technique to simultaneously measure wind speed (U) at thousands of locations continuously in time based on measurement of velocity-dependent heat transfer from a heated surface. Measuring temperature differences between paired passive and actively heated fiber-optic (AHFO) cables with a distributed temperature sensing system allowed estimation of U at over 2000 sections along the 230 m transect (resolution of 0.375 m and 5.5 s). The underlying concept is similar to that of a hot wire anemometer extended in space. The correlation coefficient between U measured by two colocated sonic anemometers and the AHFO were 0.91 during the day and 0.87 at night. The combination of classical passive and novel AHFO provides unprecedented dynamic observations of both air temperature and wind speed spanning 4 orders of magnitude in spatial scale (0.1-1000 m) while resolving individual turbulent motions, opening new opportunities for testing basic theories for near-surface geophysical flows.
Introduction
Wind plays a major role in the turbulent exchanges of mass, energy, and momentum between the surface of either land or water and the atmosphere [e.g., Kaimal and Finnigan, 1994] . Characterization of the statistical properties of airflow across space and time is essential for understanding of climate, weather, and pollution transport models, particularly under stable boundary layer conditions where wind flow processes are not yet fully understood [Thomas et al., 2012] . The statistical characterization of the evolving atmospheric turbulence is difficult to obtain in the field. Thus, similarity theory has been developed to link easily obtained Eulerian measurements to Lagrangian statistics. For example, the commonly applied frozen turbulence hypothesis [Taylor, 1938] was developed to infer statistical properties of a flow from temporal measurements taken at a specific location in space. Due to its practicality, Taylor's hypothesis is predominantly used in field-scale measurements of wind flows [e.g., Higgins et al., 2009 Higgins et al., , 2012 Kelly et al., 2009; Bou-Zeid et al., 2010; Patton et al., 2011] . However, similarity theories make strong assumptions of idealized conditions such a spatially homogeneous and stationary flow, which are rarely met under field conditions leading to significant deviations [see Thomas et al., 2012; Ha et al., 2007; Higgins et al., 2012] . For example, even gentle surface heterogeneity, such as in the case of our field experiment, can have dramatic impacts on the spatial structure of the near-surface flow, turbulence, and heat transport and may thus invalidate the assumption of ergodicity, which is the implicit basis for observing a spatial phenomenon in a fixed location over time. Improving upon these commonly accepted concepts thus calls for spatially explicit, dense observations to quantify and compensate for the location bias of traditional single-point flow and flux measurements and formulate much needed improvements for existing similarity theories [Thomas et al., 2012] .
A now proven technology to provide the high density of distributed measurements needed to resolve flow structures over wide range of Reynolds numbers and scales is distributed temperature sensing (DTS). DTS technology uses optical fibers as sensors to measure temperature at very high temporal and spatial resolutions along fiber-optic (FO) cables that can extend several kilometers in length [Selker et al., 2006a [Selker et al., , 2006b Tyler et al., 2009] . Temperature can be reported every 1 s at 0.25 m resolution [e.g., Sayde et al., 2014] . The ability of DTS to report temperature at such resolution has opened up many opportunities in environmental monitoring [e.g., Selker et al., 2006a Selker et al., , 2006b Tyler et al., 2008 Tyler et al., , 2009 Steele-Dunne et al., 2010] including applications in the atmosphere [Keller et al., 2011; Petrides et al., 2011] . Recently, Thomas et al. [2012] and Zeeman et al. [2015] have demonstrated that this technology can be used to observe air temperature and thermal structure of near-surface turbulence. • Text S1 and S2, Figures S1-S4, Table S1 , and Movie S1 Caption • Movie S1
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Here we introduce a new application of DTS technology that goes beyond the passive monitoring of temperature. It uses an actively controlled and heated FO cable in addition to the classical passive FO cable to quantify the convective heat transport around the cables and thus indirectly measure wind speed. The heated FO cable is composed of a standard optical core embedded in a metallic tube. The metallic component of the cable serves as an electrical resistance heater to inject heat at a constant rate along the cable. This method, called actively heated fiber optic (AHFO), employs the principle of (a) diffusiondependent heat transfer from a heated surface and has been applied to measure immobile soil water content [Sayde et al., 2010 [Sayde et al., , 2014 and (b) velocity-dependent convective heat transfer from a heated surface to measure water fluxes in the soil [Aufleger et al., 2005; Perzlmaier et al., 2006; Broda et al., 2013] and boreholes [Freifeld et al., 2008; Read et al., 2014] . Using an energy balance approach that accounts for all energy inputs and losses from each segment of the FO cable (0.375 m in our case), the wind velocity can be calculated from the convective component of the energy transfer model. To our knowledge, this is the first study to measure wind speed with submeter spatial and <5 s temporal resolutions over distances of several hundreds of meters.
Materials and Methods
The ability of AHFO to measure wind speed was tested in a shallow gully (approximately 300 m across and 20 m deep) covered with sparse semiarid vegetation shorter than 0.3 m in height. The site is located at the USDA Central Plains Experimental Range, Nunn, CO. The distributed FO sensor array consisted of three types of optical fibers. Each type of fiber was deployed at three heights above ground (0.5 m, 1 m, and 2 m above ground level) to construct a 230 m long transect in the north to south position across the gully (Figures 1 and S1 in the supporting information). The three FO cables were spaced approximately 0.03 m apart. The cables were supported by custom-designed support blocks mounted on 2 m tall instrument tripods horizontally separated by approximately 17 m (Figure 1 ). This support system secured the parallel fibers without introducing any excessive stress potentially leading to signal loss. 
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The top cable of each triad consisted of a 1.25 mm outer diameter (OD) stainless steel tube that enclosed two optical fibers. The pair of optical fibers was fused at their southern end to form a continuous optical path and allow temperature reading from either fiber (or both). Using a 12 gauge electrical cable, the stainless steel tube formed an electrical circuit of six parallel sections heated at 960 ± 1 W (average of 1.39 W m
À1
) using a power controller (Compact Fusion® Model: CF-PA-1-3 F00-0-0000-0000).
The middle (1.6 mm OD) and bottom (0.9 mm OD) FO cables of the triad were conventional passive cables measuring air temperature. The optical fiber of both cables were fused at the southern end of the transect to form a continuous optical path. The northern end of each cable was connected to one of the four channels of the DTS instrument (Ultima SR, Silixa, London, UK).
For calibration and validation purposes, two approximately 12 m sections at the northern end of each cable and one approximately 12 m section at the southern end of each cable were coiled and inserted in well mixed water baths at known temperature. Two temperature probes (PT-100, Model 41342, RM Young Company, Traverse City, Michigan, USA) reported the temperature of the two reference baths at the northern end. Each bath contained a circulating aquarium pump to eliminate stratification.
Temperatures from all FO cables were sampled at 0.125 m resolution in a double-ended configuration with an affective sampling rate of 0.18 Hz. Since the physical resolution of the DTS instrument was 0.29 m, temperature data were averaged spatially to 0.375 m in postprocessing.
Independent measurements of wind speed and direction were collected at two locations using sonic anemometers (Model CSAT3, Campbell Scientific, Logan, UT, USA) sampled at 20 Hz. 
Energy Balance Model
We employ an energy balance approach to quantify the convective energy transport from the heated cable by the moving air, which is a unique function of wind speed and temperature difference between the cable surface and the air. The governing energy balance equations are based upon fundamental heat flow principles for a horizontally oriented heated FO cable and can be expressed as the rate change of internal energy E (J) stored in a FO cable segment [Polyanin, 2001; Heyd et al., 2010] :
where
) is FO cable thermal conductivity, R (m) is radial direction, z (m) is axial direction, and Q (J s À1 ) is the sum of incoming and outgoing energy fluxes. Equation (1) assumes that energy changes as a result of mechanical work done on the system can be neglected. If we further assume that heat conduction in z direction and temperature gradients in R direction are negligible, then equation (1) reduces to an ordinary differential equation of the form:
where fiber temperature is constant in R direction and thus can be written in terms of the fibers' surface temperature, T s (K).
Energy Fluxes
The sum of incoming and outgoing energy fluxes can be expressed as
Geophysical Research Letters ). Incoming energy fluxes are positive by convention and outgoing negative. 2.1.1.1. Active Heating The metallic component of the FO cable was used as an electrical resistive heater to apply heat at a constant rate along the fiber-optic cable. The energy flux resulting for the active heating can be expressed as
) is the power applied per linear meter of the fiber-optic cable and B (m) is the length of a FO cable segment. 2.1.1.2. Shortwave Radiation The shortwave energy flux Q S in can be expressed as
where S b , S d , and ρS t (J s À1 m À2 ) are respectively the means of direct, diffuse, and reflected shortwave solar radiation fluxes over unit surface area of a FO cable segment, a is the FO cable surface albedo, and r (m) is FO cable radius. After adjusting for the cable inclination and orientation, S b , S d , and ρS t were calculated from the normal to the horizontal plane incoming (S t,h ) and outgoing (ρS t,h ) shortwave solar radiation fluxes measured by the pyranometers of the four-component net radiometer using the approach of Monteith and Unsworth [2007] for the interception of diffuse and reflected solar radiation by a cylinder (see supporting information).
Incoming Longwave Radiation
The incoming energy flux from downward and upward longwave radiation
where L ↓ and L ↑ (J s À1 m À2 ) are the averages of upward and downward longwave radiation fluxes over a unit surface area of the fiber, and ε is the fibers' surface emissivity (equivalent to absorptivity). Following Monteith and Unsworth [2007] for interception of longwave radiation by a cylinder, L ↓ and L ↑ were calculated from longwave radiation data measured by the pyrgeometers of the four-component net radiometer (see supporting information).
Outgoing Longwave Radiation
The outgoing longwave radiation
where σ is the Stefan-Boltzmann constant. 2.1.1.5. Heat Convection by Air Movement Based on Newton's law of cooling, Q conv out , the outgoing energy flux resulting from heat convection by air movement with temperature T A (K) across the fibers may be expressed as [Lundström et al., 2007] 
where the convection heat transfer coefficient
) is largely a function of air velocity (normal to the fibers' orientation) U N (m s
À1
). However, h also depends on T A and T S [e.g., Lundström et al., 2007] and can thus be considered a two-step process combining heat conduction across a stagnant boundary layer (affected by T S ) and convective heat transfer to a mobile fluid (air) (affected by T A ). We express
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the relationship h = f(U N ) in dimensionless form by means of Nusselt, Prandtl, and Reynolds numbers as [Zhukauskas, 1972] Nu ¼ CRe m Pr n Pr Pr s 1 4 0:7 < Pr < 500
with
where d s (m) is the fibers' characteristic length (set to 2r),
) is thermal conductivity of air, and
) is kinematic viscosity of air. Pr and Pr s are the Prandtl numbers evaluated at T A and T s , respectively [Benedict, 1969, Table 11 .1]. The constants C and m are obtained from Table S1 in the supporting information. For the range of wind speeds observed in this experiment, all Re remained below 1000 with very few observations with Re < 40. The values for C and m were set to 0.52 and 0.5, respectively. If Pr ≤ 10, n = 0.37; if Pr > 10, then n = 0.36. All properties are evaluated at T A except Pr s which is evaluated at T s . Equation (9) is then solved for h to yield
Solving for Wind Speed
The total energy balance of a fiber segment can then be obtained from combining equations (2), (4)- (7), and (12) to yield
An illustration of the different fluxes that a segment of FO cable is subject to is shown in Figure S2 . If T A is known then U N can be easily calculated from equation (13). In our case, an estimate of T A , denoted hereafter by T f , was provided by the nonheated FO cable installed in close proximity to the heated FO cable. After replacing T A by its estimate T f , equation (13) was rearranged to yield
Note that the temperature (T f ) may deviate from T A as the passive FO cable is subject to the same energy in-out outputs as described above except for Q p in . Equations (13) and (14) also do not consider potential heat loss due to free convection defined as buoyancy-induced vertical air movement along the fibers [Henselowsky et al., 2002; Stengele and Rath, 1994] . As a consequence of the simplifications in deriving equation (2), heat conduction within the fibers [Al- Salaymeh and Durst, 2004; Comte-Bellot, 1976 ] is also not considered here. If the fibers are very close to a parallel object, the radiative heat exchange between the fibers and the object may be significant and should be accounted for in equations (13) and (14).
Results and Discussions
The atmospheric surface layer and its energy fluxes differ substantially depending on the time of day. To validate our energy balance approach to derive spatially distributed wind speeds, two representative 4 h periods were selected on 21 November 2012. The nighttime period lasted from 03:00 to 07:00 MST, while the daytime observations were collected between 13:00 and 17:00 MST. For cross validation against the independent wind speed estimates from the sonic anemometers, the two fiber segments closest to the sonic anemometer locations were selected for computing U N . Prior to comparison, the wind speeds recorded by the sonic
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anemometers were adjusted for flow direction to extract the same physical wind component and aggregated to match the frequency and integration time of the DTS readings.
Directional Sensitivity
The heat transfer equation assumes that the velocity vector is directed normal to the axis of the heated FO cable. In the case of an ideal sensor, the heat transfer varies with the cosine of the angle between the velocity vector and the FO cable normal. In the case of a turbulent flow, the attack angle of small eddies in relation to the FO cable axis can vary substantially from that of the time-averaged flow. Therefore, we introduced a directional sensitivity factor (k) to account for tangential cooling such as
where U T is the total resultant wind speed and φ is the angle of attack between the wind velocity vector and the longitudinal axis of the FO cable. U NS is the sonic anemometer's effective wind speed vector normal to the FO cable main axis. A similar approach is commonly used to calibrate hot wire anemometers [see Webster, 1962; Hinze, 1975; Perry, 1982] . In this work we will employ a typical k value of 0.2 that is commonly reported in hot wire anemometry [see Webster, 1962; Perry, 1982; Bruun, 1995; Ovink et al., 2001] .
Validating Fiber-Optic Wind Speeds
U N calculated for the FO segments closest to the sonic anemometers agreed well with those of the equivalent U NS for both daytime and nighttime periods (Figures 2 and S4) . The correlation coefficient between U N and Figure 2 . Time series of U N (red dots, wind speed normal to the fiber computed from the actively heated fiber-optic cable), U NS (blue line, wind speed component normal to the fiber computed from independent sonic anemometry), φ (green line, attack angle between wind vector and longitudinal axis of the fiber-optic cable), and scatterplots of U N versus U NS (blue circles) observed at 2 m above ground level during (top) the nighttime and (bottom) the daytime periods. The dashed lines in the scatterplots mark unity.
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U NS was 0.87 for both locations at night and 0.91 for both locations for daytime conditions. Despite the high correlation coefficient observed during the day, U N consistently underestimates U NS when φ is close the zero, i.e., when the wind is flowing parallel to the FO cable. This might be due to an overestimation of k for low φ values. This decrease in k value at low φ was also reported for hot wire anemometry [see Jorgensen, 1971] . Similar to conventional hot wire anemometry, angular probe calibration in uniform flow is recommended for each type of heated FO cable configuration. Ideally, the calibration should be performed under tightly controlled wind flow direction and intensity conditions such in experimental wind tunnels.
Effect of Instrument Error on U N
The largest differences between U N and U Ns are observed at high U N . The scatter between U N and U NS is heteroscedastic as the mismatch increases with increasing U N , particularly at night. Note that for higher values of U N, the scatter of the points is skewed as it is larger for values below unity than for points above unity at night.
Understanding the error sources leading to the behavior described above is essential for improving the design and reducing errors in U N estimates for future deployments particularly in strong winds. Of particular interest is the error resulting from the combination of the heating and sensing system performance, i.e., the signal-to-noise ratio in (T s À T f ). From equation (14), it follows that at high wind speeds the main source of 
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error that leads to an increasing error in U N is the temperature difference between the heated and nonheated FO cables (T s À T f ). As wind speeds and thus the efficiency of the shear-driven heat transfer increase, this term is expected to diminish leading to a decrease in the signal-to-noise ratio. For the range of ambient temperatures observed in this experiment, the other DTS temperature-based parameters in equation (14) are either not expected to be significantly affected by the DTS temperature error such as the Prandlt numbers and the term T 4 s or decrease in their ability to impact U N with increasing wind speeds such as the term (dT s /dt), which is expected to decrease with increasing U N .
To test the effects of the signal to noise in (T s À T f ) on U N error structure, we calculated the relative error in U N at variable levels of confidence interval and signal-to-noise ratio. Here the signal to noise is defined as (T s À T f )/σ, where σ is the error in observing the temperature difference between heated and nonheated fibers. σ in our experiment is calculated from the reference baths at the northern end. As the objective of the error analysis is to give insights on the effect of the instrument error on the results, no error sources other than σ were considered in the confidence intervals shown in Figure 3 .
As the error in DTS-reported temperature follows a normal distribution [Selker et al., 2006a] , one may assume (T s À T f ) to be distributed as N (μ, σ), with μ is the expected value of (T s À T f ). Then,
Here η specifies the number of degrees of freedom (η = 1 in our case), and λ = (μ/σ ) 2 is the noncentrality parameter.
For the realistic assumption of 40 < Re < 1000 for our experiment, m = 0.5 (see section 2.1.1.5), the relative error in U N evaluated at a specific confidence level (CL%) can be calculated from
where E CL % is the relative error in U N evaluated at a specific CL%, U N is the expected value of U N (assumed
CL % is the value U N evaluated at a specific CL% of U N , and
The results of the error analysis (Figure 3 ) explain the asymmetric scatter of points in the validation plot ( Figure 2) at night, i.e., the heteroscedastic and skewed normalized residuals for increasing wind speeds. In fact, for U NS > 0.25 m s À 1 the percentage of normalized residuals in Figure 3 that were below the 5%, 25%, 75%, and 95% confidence levels curves were 7%, 21%, 75%, and 96%, respectively, of the total residuals. It appears that for the nighttime period the instrument noise can explain most of the observed differences between U N and U NS . During the day, the agreement between the spread of the normalized residuals and the confidence levels is less apparent compared to the nighttime period. This can be due to the fact that for the two 4 h period U N tends to be smaller during the day, and thus, the instrument noise has a weaker impact on the uncertainty of U N . Furthermore, as discussed before U N is systematically lower than U NS when wind moves parallel to the cables during the day.
Note that Figure 3 shows that E CL % increases with decreasing signal-to-noise ratio down to a signal-to-noise ratio of 5, below which it increases dramatically. A sufficiently large signal-to-noise ratio is therefore required for a successful application of AHFO to estimate wind speeds. Future deployments shall use an optimized design that depends on the desired spatial or temporal resolutions, and range of wind speeds. In fact, the signal-to-noise ratio can be improved by increasing T s or/and reducing σ. Increasing T s can be achieved by increasing p or/and decreasing r as can be inferred from equation (14). Decreasing σ can be achieved by employing a more performant DTS system or by employing spatial or/and temporal filtering methods for DTS-reported temperatures. The latter option has the disadvantage of reducing the spatial or temporal resolutions of observations from this method.
Future Development to Find the Total Wind Speed and Direction
The sensitivity of the AHFO to φ can be potentially employed to obtain both U T and wind direction. By installing two AHFO cables at different angles from each other (such in a zigzag pattern) two necessary estimates of U N (assuming U N = U NS ) are provided to solve for the two unknown φ and U T of equation (15). To find the 3-D
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coordinates of the line along which the U T vector is located, a third AHFO cable installed at different angle than the two other AHFO cables is needed. The three AHFO cables setup will not be able to distinguish between forward or backward pointing U T vector though. Additional space-time analysis of both air temperature and speed might be employed to distinguish between the two possible directions of the U T vector.
Summary and Conclusions
The field validation of the proposed energy balance method to estimate wind speeds from actively heated fiber optics showed the feasibility of this technique to compute spatially explicit and distributed along fiber-optic cables of several hundred meters length at high spatial (0.375 m) and temporal (<5 s) resolutions (Movie S1 in the supporting information).
Changes to the sampling sequence of the DTS instrument would enable one to enhance the temporal resolution up to 0.7 Hz when only one single-ended fiber-optic cable is used. This sampling frequency is almost equal to the theoretically derived estimate of the time response of small-diameter fiber-optic cables by Thomas et al. [2012] .
The error analysis yielded a heteroscedastic error, i.e., an increasing error with increasing wind speed. Our discussion showed that this behavior can be explained by the diminishing signal-to-noise ratio in estimating the temperature difference between the heated and nonheated fiber-optic cables. Significant improvement can be achieved for future deployments through the use of an automatic heating system that may adjust the electrical heating to maximize the signal-to-noise ratio with varying wind speeds, or by using a smaller diameter heated fiber-optic cable as inferred from equation (14).
Our DTS system was tested for low to moderate wind speeds within 0 to 5 m s
À1
. Additional work is also needed to better understand the sensitivity to the angle of the attack of the flow relative to the fiber, and its dependence on surface layer characteristics. Optimally, the additional analysis should be carried under tightly controlled airflow conditions such in a wind tunnel. Future development of the AHFO technique may allow for computation of the total resultant wind speed and direction based upon equations (14) and (15) when three or more cables are used. This novel approach offers a method to investigate the spatial structure of the surface layer flow on scales spanning four orders of magnitude from 0.1 to 1000 m. It opens up unprecedented opportunities for answering many open questions in micrometeorology including, but not limited to turbulence length scales, the validity of Taylor's hypothesis and ergodicity, the effects surface heterogeneity, and formulating new theories for weak wind and stable boundary layers.
